This study evaluates the role of N-hydroxylamine (NH20H) in activating soluble guanylate cyclase in the mouse neuroblastoma clone N1E-115. It has been proposed that NH2OH is a putative intermediate in the biochemical pathway for the generation of nitric oxide (NO)/endothelium-derived relaxing factor (EDRF) from L-arginine. NH20H caused a time-and concentration-dependent increase in cyclic GMP formation in intact cells. This response was not dependent on Ca2. In cytosol preparations the activation of guanylate cyclase by L-arglnine was dose-dependent and required Ca2+ and NADPH. In contrast, NH20H itself did not activate cytosolic guanylate cyclase but it inhibited the basal activity of this enzyme in a concentration-dependent manner. The formation of cyclic GMP in the cytosolic fractions in response to NH20H required the addition of catalase and H202' On the other hand, catalase and/or H202 lead to a decrease in L-arginine-induced cyclic GMP formation. Furthermore, NH20H inhibited L-arginine-and sodium nitroprussideinduced cyclic GMP formation in the cytosol. The inhibition of L-arginine-induced cyclic GMP formation in the cytosol by NH2OH was not reversed by the addition of superoxide dismutase. These data strongly suggest that NH20H is not a putative intermediate in the metabolism of L-arginine to an activator of guanylate cyclase.
INTRODUCTION
Endothelium-derived relaxing factor (EDRF), first described by Furchgott & Zawadzki (1980) , is a substance which is released by endothelial cells and causes relaxation of precontracted smooth muscle (see Ignarro, 1987a ,b for reviews). It has been postulated that EDRF induces relaxation by activating guanylate cyclase located in the smooth muscle cells (Busse et al., 1985; Ignarro & Kadowitz, 1985; Murad et al., 1987) . More recently, several investigators have demonstrated that nitric oxide (NO) possesses similar properties to those of EDRF (Rapoport & Murad, 1983; Ignarro et al., 1987a,b; Palmer et al., 1987; Radomski et al., 1987) . However, others have presented data suggesting that EDRF and NO are distinct chemical entities (Shikano et al., 1988; Long & Berkowitz, 1989; Thomas & Ramwell, 1989) . Thus the exact nature of EDRF and whether there are multiple forms of this mediator are not known at present.
Besides endothelial cells (Schmidt et al., 1989a) , activated murine macrophages (Iyengar et al., 1987; Stuehr & Nathan, 1989; Tayeh & Marletta, 1989) , rat and human neutrophils (McCall et al., 1989; Rimele et al., 1989; Schmidt et al., 1989b; Salvemini et al., 1989) , differentiated HL-60 cells (Schmidt et al., 1989b) , cerebellar cells (Garthwaite et al., 1988) and mouse neuroblastoma clone NIE-115 cells (Gorsky et al., 1990) are known to generate EDRF/NO. In the case of activated macrophages, it has been proposed that NO may be one of the means by which these phagocytic cells kill invading organisms (Hibbs et al., 1987a,b; Marletta, 1988) . The mechanisms by which NO mediates its action are not well defined. There is evidence to support the concept that NO binds covalently to the haem group of soluble guanylate cyclase, and in so doing activates the formation of cyclic GMP (see Ignarro, 1987a ,b for reviews).
Deguchi & Yoshioka (1982) determined that L-arginine isolated from the synaptosomal soluble fraction of rat brain is the endogeneous activator of soluble guanylate cyclase. Although the mechanism of activation of soluble guanylate cyclase by Larginine was not elucidated, these investigators suggested that this process is similar to that triggered by nitroso compounds (Deguchi & Yoshioka, 1982) . More recently, studies using the combinations of 15N labelling at the terminal guanidino group of L-arginine, gas chromatography and mass spectrometry have demonstrated that NO is derived from the terminal guanidino moiety of L-arginine, with the resulting formation of L-citrulline (Palmer et al., 1988; Marletta et al., 1988) . Several studies in different laboratories (Bredt & Snyder, 1989; Knowles et al., 1989; have indicated that the enzyme (or enzymes) that catalyses the formation of NO and L-citrulline from Larginine is Ca2+-and NADPH-dependent, stereospecific for Larginine and located in the cytoplasm of the cell. In fact, Bredt & Snyder (1990) used the formation of radioactive L-citrulline as an indicator to isolate the enzyme which catalyses this reaction from rat brain. However, the precise biochemical pathway (or pathways) for the generation of NO from L-arginine is not known, although several mechanisms have been postulated. Hibbs et al. (1987b) proposed the involvement of an arginine deiminase which converts L-arginine to L-citrulline and ammonia, which in turn can be further oxidized to nitrite. In contrast, it has been suggested that the initial step involves a two-electron oxidation of one of the guanidine nitrogens of L-arginine to the corresponding hydroxylamine, which can be tautomerized to an oxime guanidine (see Fig. 1 ), followed by a series of one-electron oxidations to generate NO and L-citrulline Tayeh & Marletta, 1989 ). An alternative mechanism (Fig. 1 catalase and H202 to NO (DeMaster et al., 1989) . It should be noted that the enzymes found in the brain, endothelial cells and the adrenal gland are Ca2+-and calmodulin-dependent and do not require tetrahydrobiopterin Palacios et al., 1989; Bredt & Snyder, 1990) , whereas the macrophage enzyme does not require Ca2+ but is tetrahydrobiopterindependent (see , for a review). Earlier we reported on the role of intracellular Ca2+ mobilization in muscarinic-and histamine-receptor-mediated activation of guanylate cyclase in N1E-1 15 neuroblastoma cells (Surichamorn et al., 1990 Dulbecco's modified Eagle's medium containing 10 % (v/v) newborn calf serum as described previously (Surichamorn et al., 1990) . Confluent cells (15-20 days after subculture) from passages 10-16 were utilized in experiments.
Preparation of the cytosolic fraction from NlE-115 cells Cells were harvested using Puck's Dl solution (Honegger & Richelson, 1976) 
RESULTS
Formation of cyclic GMP in response to NH20H in intact cells NH20H caused a time-and concentration-dependent increase in the formation of cyclic GMP in N1E-1 15 cells (Fig. 2) . The time course of NH20H-mediated cyclic GMP formation was rapid, with a maximum between 2 and 3 min, followed by a slow decrease after 5 min. Since Ca2+ is required for receptor-mediated cyclic GMP synthesis (Surichamorn et al., 1990) , experiments were designed to determine the effects of changing the extracellular Ca2+ concentration on the formation of cyclic GMP induced by NH2OH. This was accomplished by adding a final concentration of 5 mM-EGTA to normal buffer (1.8 mM-Ca2+) for 2 min to adjust the extracellular Ca2+ concentration to 40 nM, which is below the resting intracellular free Ca2+ level ( -100 nM) in these cells (Surichamorn et al., 1990) . As shown in Fig. 2 tivation of guanylate cyclase by NH2OH is independent of Ca2 , as in the case of NaN3-induced activation (Surichamorn et al., 1990 ).
Effects of L-arginine and NH20H on cytosolic guanylate cyclase
It is known that Ca2+ and NADPH are required for the enzymic conversion of L-arginine into a metabolite which activates soluble guanylate cyclase (Bredt & Snyder, 1989; Knowles et al., 1989; . Fig. 3 shows the dose-response curves of cyclic GMP formation which were obtained when the cytosolic fractions were incubated in the absence or presence of NH20H or L-arginine, and in the presence of NADPH and increasing concentrations of free Ca2+. The basal guanylate cyclase activity was increased 2-3-fold when the concentration of free Ca2+ was increased from 10 to 100 nm, but declined at higher Ca2+ concentrations. The increase in the formation of cyclic GMP in response to L-arginine (100 /LM) was about 4-7-fold within the same range of Ca2 . In contrast, NH20H (100 /M) inhibited basal guanylate cyclase at the same concentrations of Ca2+ (Fig. 3) . To further characterize the activation and the inhibition of guanylate cyclase by L-arginine and NH20H respectively, the effects of each on cytosolic guanylate cyclase activity were investigated in the presence of fixed concentrations of Ca2+ (100 nM) and NADPH (1 mM). Furthermore, since catalase and the combination of catalase plus H202 are known to convert NH20H to NO (Craven et al., 1979) , the effects of these additions were also studied. H202 (10,UM and 100,UM) had no effect on the inhibition of basal cyclic GMP formation by NH2OH (Fig. 4b, and results not shown) . However, in the presence of catalase (0.1 mg/ml), NH2OH increased rather than decreased guanylate cyclase activity, but still inhibited cyclic GMP formation at concentrations higher than 100 /SM (Fig. 4b) .
Furthermore, the combination of catalase (0.1 mg/ml) and H202 (100,lM) resulted in a further enhancement of cyclic GMP Vol. 273 formation by 10-100 gM-NH20H. The maximum activation by NH2OH (100 IrM) of the enzyme in this preparation was about 3-4-fold over basal activity in the presence of catalase (0.1 mg/ml) and H202 (100,UM) (Fig. 4b) . These results are in agreement with those reported by Craven et al. (1979) , who demonstrated that catalase, and the combination of catalase and H202, can oxidize NH2OH to NO, which in turn activates guanylate cyclase.
L-Arginine stimulated cytosolic guanylate cyclase activity in a dose-dependent manner and produced a maximal response at 100 /LM. The maximal stimulation by L-arginine in this cytosolic preparation was 12-fold over the basal activity (Fig. 4a) . In contrast with the effects of NH2'H, additions of increasing concentrations of H202 (1-100 /uM) led to a slight decrease in the accumulation of cyclic GMP in response to L-arginine (Fig. 4a , and results not shown). Similarly, addition of catalase (0.1 mg/ml) and a combination of catalase (0.1 mg/ml) and H202 (100 /eM) also caused a small decrease in the activation of guanylate cyclase by L-arginine (Fig. 4a) .
Since NH2OH appears to inhibit basal activity in the absence of catalase and H202, its effect on the stimulation of guanylate cyclase by L-arginine was examined in cytosolic preparations. Fig. 5(a) shows the formation of cyclic GMP induced by Larginine (100 4M) as a function of increasing concentrations of NH2OH. NH2OH inhibited L-arginine-induced cyclic GMP formation significantly at 1 mm, and completely abolished it at 10 mm (Fig. 5a ). The effects of SOD on this inhibition were also investigated. In the presence of SOD (100 units/ml) a 3-fold increase in basal cyclic GMP formation was observed. However, SOD (100 units/ml) did not prevent the inhibition of basal cyclic GMP formation by NH2OH. Similarly, SOD (100 units/ml) did not prevent the inhibition by NH20H of L-arginine (100 /SM)-induced cyclic GMP formation (Fig. Sa) . To determine whether NH2OH inhibited cyclic GMP formation by scavenging NO generated through the metabolism of L-arginine, the abovedescribed experiment was performed by substituting sodium nitroprusside (100 uM) which is known to spontaneously generate NO, in the place of L-arginine. As shown in Fig. 5(b) , NH2OH had the same effect on NO generation induced by sodium nitroprusside as on that induced by L-arginine, both qualitatively and quantitatively. To further characterize this inhibition, the effects of increasing the concentration of NH2OH on the doseresponse relationship of cyclic GMP formation mediated by Larginine was investigated. As shown in Fig. 6, NH2OH Thomas & Ramwell, 1989 (Deguchi, 1977; Katsuki et al., 1977) . Furthermore, NH2OH induced the formation of cyclic GMP independent of the concentration of Ca2+, similar to the effects of NaN (Surichamorn et al., 1990) . It has been shown that NH20H does not activate guanylate cyclase directly, but rather requires oxidation to NO to exert its effect .
Catalase and the combination of catalase and H202 are known to catalyse this reaction (Craven et al., 1979) . In contrast with the findings in intact cells, NH20H inhibited guanylate cyclase activity in the -cytosolic fraction (Fig. 3) (Fig. 3) . It has been shown that the conversion of L-arginine into an activator of guanylate cyclase requires Ca2+ (Bredt & Snyder, 1989; Knowles et al., 1989; Knowles et al., 1989) . Similarly, basal guanylate cyclase activity exhibited the same Ca2+-dependence, suggesting that our cytosol preparation contained some endogenous L-arginine which could not be washed out (Fig. 3) . In the mechanism proposed by DeMaster et al. (1989) , NH2OH is formed through the hydrolysis of the oxime of L-arginine followed by its oxidation to NO by catalase and H202 (Fig. 1) Fig. 4 , are consistent with those of others which showed that the activation of guanylate cyclase by NH2OH requires oxidation of NH20H to NO (Craven et al., 1979; To study further the inhibitory role of NH2OH on cytosolic guanylate cyclase activity, its effects on the activation of the enzyme by L-arginine and sodium nitroprusside were compared. The latter produces NO spontaneously without sharing the metabolic pathways involved in the bioactivation of L-arginine. As shown in Fig. 5(a) , NH20H, at concentrations higher than 0.1 mm, inhibited cyclic GMP formation induced by L-arginine. SOD (100 units/ml) did not prevent this inhibition and that of basal cyclic GMP formation, indicating that superoxide is not involved in this process. However, SOD (100 units/ml) increased the basal activity by 2-fold (Fig. 4a) , similar to the findings of Gorsky et al. (1990) . NH OH also inhibited guanylate cyclase activation by both L-arginine and sodium nitroprusside with equal potency (Fig. Sb) . It is interesting to note that Deguchi et al. (1978) have reported that another hydroxylamine, namely N-methylhydroxylamine, also inhibits cyclic GMP formation induced by nitrosoguanidine. These findings suggest that NH20H directly inhibits the activation of guanylate cyclase by NO rather than interfering with the metabolism of L-arginine. However, the possibility also exists that NH20H might function as a scavenger for NO, since NO is a highly reactive chemical species. In support of this hypothesis, Deguchi et al. (1978) have also speculated that N-methylhydroxylamine inhibits the formation of cyclic GMP by scavenging NO. Finally, it appears that NH20H at 0.1 mm inhibited guanylate cyclase competitively, whereas at higher concentrations (0.25-1.0 mM) it inhibited the enzyme uncompetitively, since the inhibition was more apparent at higher concentrations of substrate (Fig. 6 ). Further testing of this hypothesis and the details of the mechanistic aspect of the inhibitory effects of NH20H should be investigated in future studies.
In summary, we have shown that NH20H is a strong activator of guanylate cyclase in intact cells, whereas in cytosol preVol. 273 551 parations NH20H is an inhibitor of basal and L-arginine-induced cyclic GMP formation. The activation of guanylate cyclase by Larginine in the cytosol preparations from N1E-l 15 cells requires the presence ofNADPH and free Ca2+. This biochemical pathway converting L-arginine into an activator of guanylate cyclase does not involve the formation of NH20H as a putative intermediate.
